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RNA interference (RNAi) hoids considerable promise as a therapeutic approach to silence disease-causing genes, particularly 
those that encode so-called 'non-draggable' targets that are not amenable to conventional therapeutics such as small molecules, 
proteins, or monoclonal antibodies. The main obstacle to achieving in vivo gene silencing by RNAi technologies is delivery. Here we 
show that chemically modified short interfering RNAs (siRNAs) can silence an endogenous gene encoding apolipoprotein B (apoB) 
after intravenous injection in mice. Administration of chemically modified siRNAs resulted in silencing of the apoB messenger RNA 
in liver and jejunum, decreased plasma levels of apoB protein, and reduced total cholesterol. We also show that these siRNAs can 
silence human apoB in a transgenic mouse model. In our in vivo study, the mechanism of action for the siRNAs was proven to occur 
through RNAi-mediated mRNA degradation, and we determined that cleavage of the apoB mRNA occurred specifically at the 
predicted site. These findings demonstrate the therapeutic potential of siRNAs for the treatment of disease. 



RNAi has been applied widely as a target validation tool in post- 
genomic research, and it represents a potential strategy tor in vivo 
target validation and therapeutic product development 1 . In vivo 
gene silencing with RNAi has been reported using both viral vector 
deliver)' 2 and high-pressure, high-volume intravenous (i.v.) injec- 
tion of synthetic siRNAs 3 , but these approaches have limited if any 
clinical use. In vivo gene silencing has also been reported after local, 
direct administration (intravitreal, intranasal and intrathecal) of 
siRNAs to sequestered anatomical sites in models of choroidal 
neovascularization 4 , lung ischaemia-reperfusion injury 5 and neuro- 
pathic pain 6 , respectively. These reported approaches demonstrate 
the potential for delivery to organs such as the eye, lungs and central 
nervous system. However, there are no published reports of sys- 
temic activity for siRNAs towards endogenous targets after con- 
ventional and clinically acceptable routes of administration. A 
critical requirement for achieving systemic RNAi in vivo is the 
introduction of 'drug-like' properties, such as stability, cellular 
delivery and tissue bioavailability, into synthetic siRNAs. 

Conferring drug-like properties on siRNAs 

In exploring the potential of synthetic siRNAs to silence endogenous 
target genes, we found that chemically stabilized and cholesterol- 
conjugated siRNAs 7 have markedly improved pharmacological 
. properties in vitro and in vivo. Chemically stabilized siRNAs with 
partial phosphorothioate backbone and 2 , -0-methyl sugar modi- 
fications on the sense and antisense strands showed significantly 
enhanced resistance towards degradation by exo- and endonu- 
cleases in serum and in tissue homogenates. The conjugation of 
cholesterol to the 3" end of the sense strand of a siRNA molecule by 
means of a pyrrolidine linker (thereby generating chol-siRNA) did 
not result in a significant loss of gene-silencing activity in cell 
culture. Furthermore, unlike unconjugated siRNAs, a chol-siRNA 
directed to luciferase (chol-luc-siRNA) showed reduction in luci- 
ferase activity in HeLa cells transiently expressing luciferase, with a 
half-maximal inhibitory concentration (IC 5j) ) of about 200 nM in 



the absence of transfection reagents or electroporation. 

Binding of chol-siRNAs to human serum albumin (HSA) was 
determined by surface plasmon resonance measurement (data not 
shown). Unconjugated siRNAs demonstrated no measurable bind- 
ing to HSA, whereas chol-siRNAs bound to HSA with an estimated 
dissociation constant (K d ) of 1 \xM. Presumably because of 
enhanced binding to serum proteins, chol-siRNAs administered 
to rats by i.v. injection showed improved in vivo pharmacokinetic 
properties as compared to unconjugated siRNAs. After i.v. injection 
in rats at 50mgkg _1 , radioactive)}' labelled chol-siRNAs had an 
elimination half life (two compartments), 1 1/2 of 95 min and a 
corresponding plasma clearance (C L ) of 0.5ml min -1 , whereas 
unconjugated siRNAs had a t ]/2 of 6 min and C] of 17.6 ml min~ 
As measured by an RNase protection assay (RPA), chol-siRNAs 
showed broad tissue biodistribution 24 h after injection in mice. 
Although no detectable amounts of unconjugated siRNAs were 
observed in tissue samples, significant levels of chol-siRNAs were 
detected in liver, heart, kidney, adipose, and lung tissue samples. 
Together, these studies demonstrate that cholesterol conjugation 
significantly improves in vivo pharmacological properties of siR- 
NAs. 

Selection of apoB as an endogenous gene target 

Apolipoprotein B is the essential protein for formation of low- 
density lipoproteins (LDL) in metabolism of dietary and endogen- 
ous cholesterol, and is the ligand for the LDL receptor*. Mouse apoB 
is a large protein of 4,515 amino acids and is expressed predomi- 
nantly in liver and jejunum. apoB mRNA is subject to post- 
transcriptional editing, and the unedited and edited transcripts 
encode the full-length protein apoB-JOO, and a carboxy-terminal 
truncated isoform, apoB-48, respectively. In mice, editing of apoB 
mRNA occurs in both the liver and jejunum: apoB-48 is the 
predominant protein form in the jejunum and both apoB-48 and 
apoB-100 are expressed in the liver. Heterozygous knockout mice for 
apoB show a 20% decrease in cholesterol levels and are resistant to 



NATURE | VOL 132 j 1 1 NOVEMBER 200-4 } www.naturc.com/nature 



©2004 Nature Publtshina Grouo 



173 



articles 



diet-induced hypercholesterolaemia''. 

Serum levels of apoB, LDL and cholesterol correlate significantly 
with increased risk of coronary artery disease (CAD). A diminished 
number of functional LDL receptors on the cell surface, disrupting 
receptor-mediated removal of apoB-containing LDL from circula- 
tion, has been identified as the basis for familial hypercholestero- 
laemia (FH)"\ Patients with homozygous and heterozygous FH 
have accelerated CAD leading to premature atherosclerosis and 
cardiac mortality. Conversely, patients with hypobetalipoproteinae- 
mia have reduced levels of LDL and cholesterol and are at reduced 
risk for CAD " . Accordingly, lowering of serum cholesterol and LDL 
levels is a predominant clinical strategy for management of CAD 
and is achieved by modification of dietary sources of cholesterol 
and/or inhibition of endogenous cholesterol synthesis with phar- 
macological therapies. Notwithstanding significant improvements 
in the management of CAD with these approaches, millions of 
patients remain at significant risk for CAD and its clinical sequelae- 
acute coronary syndromes such as myocardial infarction and 
cardiac mortality— due to advanced atherosclerosis from intractably 
high levels of cholesterol and LDL. Clearly, new therapeutic strat- 
egies are needed. Accordingly, apoB, a protein not amenable to 
inhibition by conventional small-molecule- or protein-based thera- 
peutics, was selected as a potential clinical target for development of 
siRNA therapeutics. 

Using conventional bioinformatics, 84 siRNAs specific for both 
human and mouse apoB mRNA were designed and synthesized 
(data not shown). These apoB-siRNAs were screened for their 
ability to reduce apoB mRNA and protein levels, as measured by 
polymerase chain reaction with reverse transcription (RT-PCR) 
and enzyme-linked immunosorbent assay (ELISA), respectively, in 
HepG2 liver cells after transfection at a concentration of 100 nM. 
Five apoB-siRNAs were identified that reduced both mRNA and 
protein levels by >70%. Because exonucleolytic degradation is the 
predominant mechanism for siRNA degradation in serum, two 
selected apoB-siRNAs (apoB-1 -siRNA and apoB-2-siRNA) and one 
four-nucleotide mismatch control for apoB-1 -siRNA (mismatch- 
si RNA) were stabilized at the 3' end of the sense and antisense 
strands by phosphorothioate backbone modifications and 
additional incorporation of two Z'-O-methyl nucleotides at the 3' 
end of the antisense strand. Chol-siRNAs were synthesized by 
linkage of cholesterol to the 3' end of the sense strand via a 
pyrrolidine linker. Chol-apoB-1 -siRNA was significantly more 
stable than unconjugated apoB-1 -siRNA in human serum: gel 
electrophoresis showed >50% intact chol-apoB-1 -siRNA after a 
1 h incubation at 37 °C compared with <5% intact unconjugated 
apoB-1 -siRNA. Similar data were obtained for chol-apoB-2-siRNA, 
although this siRNA was less stable than chol-apoB-1 -siRNA. Dose 
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Figure 1 Biodistribution of siRNAs in liver and jejunum. An RPA was used to detect siRNAs 
in pooled liver and jejunum tissue lysates from animals injected with saline (-), chol-iuc- 
siRNA (A), choi-mismatch-siRNA (B) ( unconjugated apoB-1 -siRNA (C?) or chol-apoB-1 - 
siRNA (Ci). Detection by RPA of endogenous miRNAs in liver (miR-122) and jejunum 
(miR-143) served as an internal loading control. 



response curves for the activity of conjugated and unconjugated 
apoB-specific and control siRNAs were measured in HepG2 cells 
using transfection. Two conjugated control siRNAs (chol-luc- 
siRNA and chol-mismatch-siRNA) showed no significant inhi- 
bition of apoB protein expression at concentrations as high as 
30 nM. In contrast, three specific siRNAs (unconjugated apoB-1- 
siRNA, chol-apoB-1 -siRNA and chol-apoB-2-siRNA) showed dose- 
dependent silencing of apoB protein expression based on apoB 
ELTSA measurements— -I C 5n values of 0.5 nM> 5 nM and 8 nM were 
calculated, respectively. 

In vivo studies with modified siRNAs 

To demonstrate the ability of chol-apoB-siRNAs to silence apoB 
expression in vivo, experiments were first performed in C57BL/6 
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Figure 2 In vivo silencing of murine apoB mRNA by siRNAs in vviid-type mice. Treatment 
groups comprised saline control in = 10), chol-luc-siRNA control {/? = 10), chol- 
mismatch-si'RNA control {n ~ 10), unconjugated apoB-1 -siRNA {n - 10), chol-apoB-1- 
siRNA (n = 10) and choi-apoB-2-siRNA [n = 7). bDNA measurements were performed 
with probe set II. Error bars represent the standard deviation (s.d.) of the mean. Statistical 
analysis was by analysis of variance (AN0VA) with Bonferroni post-hoc /-test, one-tailed. 
Asterisk, P < 0.0001 compared with saline control animals, a, Schematic representation 
of the apoB mRNA illustrating the binding regions of three bDNA probe sets in relation to 
the two siRNA cleavage sites, b, Effects of siRNA administration on mean apoB mRNA 
levels, c, apoB mRNA levels from individual mice treated with saline or siRNAs. Data are 
mean values from three liver samples from each individual animal, d, Effects of siRNA 
administration on the reduction of apoB mRNA measured by bDNA assays using three 
different probe sets. 
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mice fed a normal chow diet. siRNAs were administered by tail-vein 
injection with normal volume (0.2 ml) and normal pressure. 
Biodistribution of siRNAs was assessed by RPA of siRNAs in tissue 
samples from liver and jejunum obtained 24 h after the last injec- 
tion. Significant levels of chol-luc-siRNA, chol-apoB-1 -siRNA and 
chol-mismatch-siRNA were detected in liver and jejunum (100- 
200 ngg" 1 tissue for chol-apoB-1 -siRNA), whereas levels of uncon- 
jugated apoB-l-siRNA were below our detection limit (Fig. 1). 
Levels of chol-apoB-2-siRNA were also detected but at levels 
approximately 10% of those observed for other chol-siRNAs. 

Tbe primary measure of RNAi-mediated effects is the reduction 
(that is, silencing) of the target mRNA. To measure silencing of 
apoB mRNA, we used a branched-DNA (bDNA) detection method 
and bDNA probes (Fig. 2a) to quantify apoB mRNA levels in liver 
and jejunum, two organs where apoB is known to be expressed. As 
shown in Fig. 2b, mice treated with chql-apoB-1 -siRNA and chol- 
apoB-2-siRNA showed statistically significant reductions (mean ± 
s.d.; 57 ± 6% and 36 ± 8%, respectively) in apoB mRNA levels in 
liver samples as compared with saline control (P < 0.0001). In 
jejunum tissue samples, mice injected with chol-apoB- 1 -siRNA and 
chol-apoB-2-siRNA showed an even more substantial reduction in 
apoB mRNA levels of 73 ± 10% and 51 ± 13%, respectively, as 
compared with saline control (P < 0.0001). Individual animal 
results for apoB mRNA reduction in the liver are shown in Fig. 2c 
and demonstrate the consistent and robust effect observed for 
specific chol-siRNAs as compared with other treatment groups. 
Similar results were observed for apoB mRNA reduction in the 
jejunum from individual animals (data not shown). Owing to 
the extended length of the apoB mRNA, two additional probes at 
the distal ends of the apoB open reading frame (ORF) were 
designed. As measured with the three divergent probe sets, identical 
levels of apoB mRNA reduction were detected for animals treated 
with chol-apoB-l-siRNA and chol-apoB-2-siRNA (Fig. 2d). These 
data suggest a uniform and rapid degradation of apoB mRNA after 
treatment with chol-apoB-siRNAs, and argue against the potential 
existence of truncated amino-terminal apoB protein fragments 
translated from incompletely degraded siRNA- cleavage products, 
as has been reported for ribozyme-mediated cleavage of apoB 
mRNA 12 . 

Silencing of the apoB mRNA would be expected to result in a 
corresponding reduction in apoB protein levels. An ELISA-based 
method specific for detection of apoB-100 protein was used to 
measure the effects of chol-apoB-siRNA treatment on plasma levels 
of apoB protein. In addition to the effects on apoB mRNA levels, 
treatment with chol-apoB-1 -siRNA and chol-apoB-2-siRNA 
reduced plasma levels of apoB-100 protein 24 h after siRNA treat- 
ment by 68 ± 14% and 31 ± 18%, respectively, compared with 




levels in saline-treated control animals (Fig. 3). These results 
achieved statistical significance (P < 0.0001) for the group treated 
with the more potent and stable chol-apoB-1 -siRNA. As the LF3 
antibody used in this study recognizes only apoB-100, and not 
apoB-48, the observed apoB-100 reduction may underestimate the 
full effect of chol-apoB-1 -siRNA at the protein level. 

To confirm the physiological relevance of apoB mRNA silencing 
on lipoprotein metabolism, we characterized the effect of siRNA 
treatment and the resulting reduction of apoB protein levels on 
lipoprotein profiles and cholesterol levels. Using an NMR-based 
method, complete lipoprotein profiles were generated and concen- 
trations of chylomicrons, very-low-density lipoprotein (VLDL), 
LDL and high-density lipoprotein (HDL) particles were calculated 
(Fig. 4a). As expected, HDL represented the predominant lipopro- 
tein fraction in mouse plasma. Similar to results observed in 
heterozygous knockout mice for apoB 9 , treatment with chol- 
apoB-1 -siRNA resulted in a 25% reduction in HDL particle 



Saline Chol-luc Choi- Unconjug. Choi- 
mismatch apoB-1 apoB-1 

Figure 3 Effects of siRNA administration on apoB-100 protein levels. Average plasma 
levels of apoB-100 protein for the different treatment groups as measured by ELISA. Error 
bars represent the s.d. of the mean. Statistical analysis was by AN0VA with Bonferroni 
post-hoc r-test, one-tailed. Asterisk. P < 0.0001 compared with saline control animals. 
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Figure 4 Therapeutic reduction of lipoprotein and cholesterol levels after.siRNA 
treatment, a, Lipoprotein profile of pooled plasma samples from treatment groups 
determined by NMR analysis, b, Relative reduction of lipoprotein classes for the siRNA 
treatment groups normalized against the average levels of saline control group, c, Effects 
of siRNA administration on plasma cholesterol and LDL cholesterol. Plasma cholesterol 
was determined by enzymatic assay and LDL cholesterol calculated from NMR 
measurements. Error bars represent the s.d. of the mean. Statistical analysis was by 
ANOVAwith Bonferroni post-hoc f-test, one-tailed. Asterisk. P < 0.0001 compared with 
saline and chol-mismatch-siRNA control animals. NMR data are based on single 
measurements of pooled plasma from treatment groups. 
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concentration (Fig. 4b). Furthermore, treatment of mice with chol- 
apoB-1 siRNA resulted in an almost 50% reduction of chylomicron 
levels and an approximately 40% reduction in LDL levels, whereas 
VLDL levels were not altered. Treatment with either of the control 
siRNAs did not change the lipoprotein profile significantly. In 
addition to reductions in lipoprotein concentrations, in vivo silen- 
cing of apoB by chol-apoB-l-siRNA led to a significant reduction 
(37 ± 11%; P < 0.0001) of total plasma cholesterol as compared 
with saline control animals (Fig. 4c). Treatment with the less potent 
chol-apoB-2-siRNA failed to show significant reductions in choles- 
terol, consistent with the reduced activity of this chol-siRNA on 
apoB mRNA and protein levels. Treatment with chol-apoB-1- 
siRNA also resulted in a 44% decrease in LDL-associated choles- 
terol, consistent with the effects observed on apoB protein levels. In 
aggregate, the effects on cholesterol reduction and lipoprotein 
profiles would be considered highly clinically significant in patients 
with hypercholesterolaemia, and actually exceed the level of choles- 
terol reduction observed in heterozygous apoB knockout mice*. 

To extend our findings of in vivo silencing by chol-apoB-siRNAs 
in normal mice, we performed an additional study in a human apoB 
transgenic mouse model". These mice express human apoB-100 in 
liver and have elevated levels of apoB as compared with normal 
mice; when fed a high-fat diet, these mice develop severe athero- 
sclerosis 14 . In our experiments, we administered saline, chol-mis- 
match-siRNA and chol-apoB-1 -siRNA to apoB transgenic mice fed 
a normal chow diet. As shown in Fig. 5, chol-apoB-1 -siRNA 
brought about a significant reduction of endogenous murine 
apoB expressed in both liver and jejunum tissue samples 
(P< 0.0001, relative to saline and chol -mismatch -siRNA treat- 
ment). Relative to the saline control, levels of murine apoB 
mRNA were reduced by 57 ± 10% in liver and 42 ± 12% in 
jejunum. In addition, chol-apoB-1 -siRNA, which was selected in 
part owing to its sequence identity to both human and mouse apoB, 
showed significant silencing of the human transgene expressed in 
the liver, where human apoB mRNA was silenced by 60 ± 10% 
(P < 0.0001). In contrast to these effects, chol-mismatch-siRNA 
showed no effect on mouse or human apoB mRNA levels. These 
results confirm the effect of specific chol-siRNAs on apoB silencing 
in a different mouse model. Moreover, this specific chol-siRNA was 
shown to silence a transgenic human mRNA in vivo. 

An important consideration for siRNA-mediated inhibition of 
gene expression is whether the observed effects are specific and not 
due to nonspecific "off target" effects 15 and potential interferon 
responses 16 , which have been reported with siRNAs in vitro and 
other oligonucleotide-based approaches in vivo. In our experi- 
ments, the effects of apoB-specific, cholesterol-conjugated siRNAs 
were seen with two divergent siRNAs targeting separate sequence 
regions of the apoB mRNA. Furthermore, the in vivo silencing of 
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Figure 5 !n vivo silencing of murine and human apoB mRNA in mice transgenic for human 
apoB. Reduction of human and mouse apoB mRNA levels in mice transgenic for human 
apoB that received saline in = 8), choi-mismatch-siRNA {n = 8) and chol-apoB-1 -siRNA 
in = 8). Statistical analysis was by AN0VA with Bonferroni post-hoc f-test one-tailed. 
Asterisk, P < 0.0001 compared with saline and chol-mismatch-siRNA control animals. 
Error bars illustrate s.d. of the mean. 



apoB by these siRNAs was specific as neither an irrelevant siRNA 
(chol-luc-siRNA) nor a mismatch control siRNA (chol-mismatch- 
siRNA)— although present at comparable concentrations in liver 
and jejunum— mediated a significant reduction in apoB mRNA, 
plasma apoB protein levels, or total cholesterol. Finally, the silencing 
of apoB mRNA by chol-apoB-siRNAs in liver as measured by bDNA 
assay and normalization to GAPDH mRNA was also demonstrated 
with normalization to three other liver mRNAs, including factor 
VII, glucose-6-phosphatase and VF.GF (Supplementary Fig. 1). 

Determination of in vivo mechanism of action 

To prove that the in vivo activity was due to siRNA-directed 
cleavage, we characterized specific mRNA cleavage products using 
a modified S'-RACE (rapid amplification of cDNA ends) technique 
previously used to demonstrate microRNA (miRNA)-directed 
mRNA cleavage in plants 17 and mouse embryos 1 ". As it relates to 
the specific cleavage of apoB mRNA by apoB-1 -siRNAs, total RNA 
from mice in the different treatment groups was isolated, and then 
PGR was used to reveal fragments of the predicted length in animals 
receiving chol-apoB-1 -siRNA treatment (Fig. 6a). Identity of the 
PGR products was confirmed by direct sequencing of the excised 
bands, which demonstrated that cleavage occurred at the predicted 
position for the siRNA duplex. Indeed, sequencing revealed cleavage 
after position 10,061 of the apoB ORF, exactly ten nucleotides 
downstream of the 5 ' end of the siRNA antisense strand. Specific 
cleavage fragments were detected in both liver and jejunum of 
animals receiving chol-apoB-1 -siRNA treatment (Fig. 6b). No 
fragments were detected in tissues of animals receiving control 
siRNAs (chol-luc-siRNA or chol-mismatch-siRNA) or saline. As 
expected, in this 5' -RACE experiment of apoB mRNA cleavage 
mediated by chol-apoB-1 -siRNA, no fragments were detected in 
tissues from animals receiving the alternative apoB-specific siRNA 
( chol -apoB-2-si RNA). Notably, a low level of specific cleavage 
product was detected in the jejunum of animals receiving the 
unconjugated apoB-1 -siRNA despite no evidence for significant 
knockdown of total apoB mRNA levels by this siRNA. This indicates 
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Figure 6 si RNA- mediated cieavage of apoB mRNA in vivo, a, Schematic representation of 
the apoB mRNA illustrating siRNA cleavage sites and RACE strategy to detect cieavage 
product. Cleaved mRNA ligated to an RNA adaptor was reverse transcribed using primer 
GSP. b. Agarose gel of 5' -RACE-PCR amplification, using the primer pair GR5' and Rev2, 
showing specific cleavage products in liver and jejunum. Treatment groups are: A, saline; 
B, chol-luc-siRNA: C, chol-mismatch-siRNA; D. apoB-1 -siRNA; E, chol-apoB-1 -siRNA; 
F. chol-apoB-2 -SiRNA. 
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that some unconjugated apoB-l-siRNA is able to enter epithelial 
cells of the jejunum after systemic administration despite lacking 
cholesterol conjugation. Together, these data demonstrate that 
inhibition of apoB was achieved by an RNAi mechanism of action. 
To our knowledge, this is the first demonstration of silencing of an 
endogenous gene in mammals by a mechanism of RNAi -mediated 
degradation of the target mRNA. 

Discussion 

Our findings demonstrate that RNAi can be used to silence 
endogenous genes involved in the cause or pathway of human 
disease with a clinically acceptable formulation and route of 
administration by means of systemic delivery. In our study, we 
have shown that the mechanism of action for chemically modified 
siRNAs was by RNAi-mediated degradation of the target mRNA. 
Chol-apoB-siRNAs, but not unconjugated apoB-siRNAs, showed 
biological activity, demonstrating an important role for cholesterol 
conjugation of siRNAs to achieve systemic in vivo activity, and 
suggesting the opportunity to further optimize systemic activity 
through chemical conjugation strategies. Indeed, further optimiz- 
ation is warranted to achieve improved in vivo potency for chol- 
siRNAs at doses and dose regimens that are clinically acceptable. 
Nevertheless, these findings hold promise for the development of a 
new class of therapeutics that harnesses the RNAi mechanism. Of 
particular interest is the use of RNAi therapeutics to silence genes 
(such as the apoB gene) or mutated or variant alleles whose proteins 
are refractory to the discovery' of traditional small molecules or 
biotherapeutic drugs. D 

Methods 

Synthesis of siRNAs 

The siRNAs used in this study consisted of a 21 -nucleotide sense strand and a 23- 
nucleotide antisense strand resulting in a two- nucleotide overhang at the 3' end of the 
ant isense strand. apoB- 1-siRNA (ORF position 10049-1007 1 ): sense 5'-GUCAUCACAC 
UGAAUACCAA*U-3', antisense 5'-AUUGGUAUUCAGUGUGAUGAc'a*C-3'; chol- 
apoB-.l -siRNA: sense 5 '-GUCAUCACACUGAAUACCAAUV-holO'', antisense 5'- 
AUUGGUAUUCAGUGUGAUGAc*a*C-3'; chol-mismatch-siRNA: sense 5 - 
GUGAUCAGACUCAAUACGAAU'chol-3 ' . antisense 5' -AUUCGUAUUGAGUCUGA 
UCAc*a*C-3 ? : chol-apoB-2-siRNA (ORF position 327-349): sense 5'-AGGUGUAUGGC 
UUCAACCCUG *chol-3 ' , antisense 5 ' -CAGGGUUGAAGCCAUACACCu*c*U-3 ' ; chol- 
luc-siRNA: sense 5 -GAACUGUGUGUGAGAGGUCCU*chol-3' , antisense 5'-AGGAC 
CUCUCACACACAGUUc*g*C- J*. The lower-case letters represent 2'-0-methyl-modihed 
nucleotides; asterisks represent phosphorothioate linkages. 

RNA oligonucleotides were synthesized using commercially available 3 -0-(4,4'- 
dimethoxytrityl)-3'-0-f2-cyanoethyl-A f .iV-diisopropyl) phosphoramidite monomers of 
uridine fU), 4-Av T -benzoylcytidine (C h7 ), 6-j\ r -benzoyladeno>ine (A H, J and 2-.V- 
isobut>Tyiguanosine (G iHu ) with 2'-0-r-butyldimethylsily| protected phosphoramidite^ 
and the corresponding 2 -0- methyl phosphoramidites according to standard solid phase 
oligonucleotide synthesis protocols". After cleavage and de-protection. RNA 
oligonucleotides were purified by anion-exchange high-performance liquid 
chromatography and characterized by ES mass spectrometry and capillary gel 
electrophoresis. RNA with phosphorothioate backbone at a given position was achieved by 
oxidation of phosphite with Heaucage reagent' 0 during oligonucleotide synthesis. Choi* 
siRNAs were synthesized using the same protocols as above except that the RNA synthesis 
started from a controlled-pore glass solid support carrying a cholesterol-aminocaprok 
acid-pyrrolidinc linker (V.Ke., K.G.R. and M.M., unpublished data). For this support, the 
first nucleotide linkage was achieved using a phosphorothioate linkage to provide 
additional 3' -exonuclease stability. To generate siRNAs from RNA single strands, 
equimolar amounts of complementary sense and antisense strands were mixed and 
annealed, and siRNAs were further characterized by native gel electrophoresis. 

In vitro activity and stability assays 

To determine in vitro activity of siRNAs, HepG2 cells were transfected with siRNAs using 
oligofcciamine (Invitrogen) and siRNA concentrations ranging from 0.1, 0.3, 1, 3, 10 to 
30 nM. apoB protein concentration was determined from cell culture supernatant by a 
sandwich ELISA capturing apoB with a polyclonal goat anti-human apoB antibody 
(Chemicon International). apoB detection was performed with a horseradish peroxidase- 
conjugated goat anti-human apoB-100 polyclonal antibody (Academy Bio-Medical 
Company). The remaining apoB protein content was calculated as the ratio of apoB 
protein concentration in the supernatant of cells treated with the apoB -specific si RNA 
duplex to the apoB concentration in the supernatant of cells treated with an unspecifk 
control siRNA duplex. Mouse serum (Stgma-AJdrich Chemie GmbH J was used for 
stability assays. Double-stranded RNAs (5uM) were incubated in 95% serum, and the 
mixture was incubated at 37 S C for various lengths of time (for example, 0, 1 5 or 30 min, or 
1, 2, 4, 8, 16 or 24 h). siRNAs were isolated by hot phenol extraction in the presence of 



sodium dodeey) sulphate followed by ethanol precipitation. Re-suspended RNA samples 
were run on 3 denaturing 14% polyacrylamide gel containing 20% formamide for 2h at 
45 mA. RNA bands were visualized by staining with the 'Stains-All' reagent (Sigma - 
Aldrich Chemie GmbH) according to the manufacturer's instructions. 

In vivo silencing experiments 

C57BL/6 mice received, on three consecutive days, tail vein injections of saline or different 
siRNAs. All siRNAs were administered at doses of 50 mg kg"' in approximately 0.2 ml per 
injection. Measurements of apoB mRNA, apoB protein levels, lipoprotein concentrations 
and plasma cholesterol content were performed 24 h alter the last i.v. injection. 
Experiments were carried out in a blinded fashion. The same experimental design was used 
for experiments with the human apoB transgenic mice ( 1004-T hemizygotes, laconic). 

in vivo bioanalytical methods 

An RPA, using radiolabeled probes complementary to the antisense strands, was used to 
detect siRNAs in pooled liver and jejunum tissue lysates from animals treated with saline 
or siRNAs. RPA for endogenous miRNAs was used as a loading control for jejunum { miR- 
143, sequence 5' -UGAGAUGAAGCACUGUAGCUCA-3' ) and liver (mill- 122, 5'- 
UGGAG UGUG ACA AUGGUG UUUG- 3 ' ). 

The QuantiGene assay (Gcnospectra } W3S used to quantify the reduction of mouse 
apoB mRNA in liver and jejunum tissue after siRNA treatment. Small uniform tissue 
samples where collected 24 h after the last injection. Lysates from three tissue samples per 
animal were directly used for apoB and GAPDH mRNA quantification, and the ratio of 
apoB and GAPDH mRNA was calculated and expressed as a group average relative to the 
saline control group. Specific probes for detection of apoB mRNA levels were designed to 
the following regions of the apoB mRNA ORF: probe set I 83-385: probe set II 5,045- 
5,b73: probe set 111 12,004-12,41 1. Furthermore, apoB mRNA reduction in liver was 
quantified from purified (RNeasy mRNA isolation kit, Qiagcn), pooled mRNA for each 
treatment group. As well as GAPDH, factor VII, glucose-6-phosphatase and VEGF 
mRNAs were also used for normalization. 

ELISA was used to quantify the reduction of apoB- 100 protein levels in mouse plasma 
after siRNA treatment. apoB-100 from plasma samples of individual animals was detected 
using the primary antibody LF3 against mouse apoB-100 (gift of S. Young: see ref. 21 ). 
Levels were normalized to plasma volume and expressed as group averages relative to the 
saline control group. 

Total cholesterol levels in the plasma were measured using the Cholesterol detection kit 
(Diasys). For NMR determination of the plasma lipoprotein profile a Bruker DRX 600 
with cryoprobe head was used (LipoFIT Analytic GmbH). Single measurements of 500p.l 
mouse plasma (pooled from ten animals per treatment group) were performed. The 
lipoprotein subclass distribution was calculated from the NMR data by using computer 
algorithms that are based on human blood standards^ 2 . The particle number for 
lipoprotein classes was calculated based on the correlation of known particle size and 
composition with the experimentally determined NMR signal intensity. On the basis of 
this correlation, the cholesterol content in the LDL fraction was computed. The cholesterol 
values calculated from NMR data were confirmed by the presence of comparable levels of 
total cholesterol in plasma and HDL-cholesterol as determined by enzymatic assays. 

5 -RACE analysis 

Total RNA (5u.g) from pooled liver and jejunum samples from animals treated with 
different siRNAs was ligated to a GeneRaccr adaptor Hnviirogen) without prior treatment. 
Ligaled RNA was reverse transcribed using a gene-specific primer (GSP: 5'-CTCCTG 
TTGCAGTAGAGTGCAGCT-3 ' ) . To detect cleavage products, PCR was performed using 
primers complementary to the RNA adaptor (GR5*: 5'-C7TCTAGAGCGACTGGAGCACG 
AGGACACTA-3' ) and apoB mRNA (Rev2: 5 ! - ACGCGTCG ACGTG GG AGC ATGG AG GT 
TGGCAGTTGTTC-3' ). Amplification products were resolved by agarose gel 
electrophoresis and visualized by ethidium bromide staining. The identity of specific PCR 
products was confirmed by sequencing of the excised bands. 
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Reports that short hairpin RNAs (shRNAs) 
expressed from plasmids could also trigger 
RNA interference (RNAi) offered the pro- 
mise of RNAi gene therapy using viral 
vectors. ' Two manuscripts by Rubinson et 
al 2 and Hemann et a'P in Nature Genetics 
deliver on this promise by demonstrating 
that RNAi delivered by retroviral and 
lentiviral vectors can silence genes in mice. 

RNAi is a conserved surveillance system 
that responds to double-stranded RNA by 
silencing mRNAs with homology to the 
double-stranded RNA trigger (reviewed in 
Hannon 4 ). Since the discovery that 21 
nucleotide synthetic RNA duplexes (siR- 
NAs) can trigger RNAi in mammalian cells, 
the field has exploded, with new develop- 
ments emerging at an astonishing rate. 

RNAi is now commonly used to establish 
knockdown phenotypes in cultured cells, 
but application of this technology in mam- 
mals has been slowed by difficulty in 
transfecring siRNA in vivo. 5 However, these 
two new studies have made significant 
inroads into this problem. Notably, Rubin- 
son and co-workers also created transgenic 
mice expressing shRNAs. 

These manuscripts complement recent 
reports by Xia et al* who used adenovirus 
to deliver siRNAs in vivo, and Hasuwa et al, 7 
who also created transgenic mice expressing 
shRNAs. Momentum in this area is build- 
ing, so expect to see a flood of manuscripts 
using similar approaches. 

Two groups 8 - 9 have previously expressed 
shRNAs from retroviral vectors in cultured 
. cells. Rubinson et al and Hemann et al 
extend this approach by transducing cells ex 
vivo with lentivirus and retrovirus, respec- 
tively, before introducing them into mice. 
These experiments should be of interest to 
gene therapists since ex vivo gene transfer is 
used extensively in gene therapy trials. 

To show that their shRNA-expressing 
retrovirus could silence genes in cultured 
cells, Rubinson et al infected activated CD8^ 
T cells derived from T-cell receptor trans- 
genie mice with a virus expressing a CD8* 
shRNA (as well as GFP). After 3 days, they 
sorted the cells for GFP and found that 
CD8 + expression was reduced by 14-fold. 
They also used two other lentiviruses to 
infect noncycling murine dendritic cells and 
primary OT1 T cells, silencing the proapop- 
totic Bim and CD25 genes, respectively. 

The authors next infected murine hema- 
topoietic stem cells (HSCs) with their CD8*- 
targeting lentivirus. After sorting for GFP- 
positive (transduced) cells, they injected 
these cells into lethally irradiated congenic 
mice. After 8 weeks, the infected HSCs had 
reconstituted all blood cell lineages and the 
frequency of splenocytes expressing CDS 
was reduced by 10-fold. The authors con- 
firmed that they had indeed infected HCSs 



by serially passaging bone marrow cells 
from these mice. 

Excitingly, Rubinson and co-workers were 
able to transduce embryonic stem cells and 
single-cell embryos with their CD8-targeting 
lentivirus in order to create transgenic mice 
that express CD8 shRNAs. GFP* ES cells 
were injected into RAG-deficient blastocysts 
that would not normally produce B and T 
cells. Developing T cells in the thymus of the 
resulting mice showed a nine-fold reduction 
in the expression of CD8, with very few CD8 + 
cells detected in the thymus and spleen. 
Transduction of single-cell embryos with the 
CD8-targeting lentivirus gave similar results 
that were maintained into adulthood. 
Furthermore, transduction of single-cell em- 
bryos with a lentivirus expressing p53 
shRNAs resulted in reduced expression of 
this protein in liver and brain. Clearly, this 
approach could have wide application as an 
alternative to the time-consuming process of 
making knockout animals. Multiple simulta- 
neous knockdowns may also be possible 
using this technique. 

Hemann and co-workers used retroviral 
vectors to express three different shRNAs 
targeting the Trp53 tumor suppressor gene 
(p53-A, p53-B and p53-C). Transient transfec- 
tion with plasmids expressing these shRNAs 
resulted in varying degrees of p53 inhibition. 
p53-C worked the best followed by p53-B, 
with p53-A showing only modest suppres- 
sion. In a colony-forming assay with mouse 
embryonic fibroblasts infected with the three 
retroviruses, the ability to form colonies 
correlated with the degree of p53 suppression. 

To examine the effects of p53 suppression 
on tumorigenesis, Hemann et al infected 
HSCs isolated from Eu-Myc fetal liver and 
' transplanted them into lethally irradiated 
mice. Mice reconstituted with Eu-Myc HSCs 
normally form B-cell lymphomas by 4-6 
months of age due to expression of Myc. 
The p53 protein promotes apoptosis in 
response to hyperproliferative signals; 
therefore, inactivation of the Trp53 gene 
accelerates lymphomagenesis. 

In contrast to control mice, mice recon- 
stituted with HSCs transduced with p53-A, 
p53-B and p53-C developed palpable lymph 
nodes. In some respects, it is surprising that 
transduction with p53-A resulted in this 
phenotype, since it very weakly suppresses 
p53 production in culture. There was, 
however, a dramatic difference in the 
survival of the three groups of mice. Mice 
infected with the least effective virus, p53- 
A, showed no overall decrease in survival 
compared to control mice, while mice 
infecte'd with p53-B and p53-C developed 
B-cell lymphomas that reached a terminal 
stage in 95 and 67 days, respectively. 

Pathological analyses also revealed dif- 
ferences in the recipients of the three 



viruses. p53-A mice did not develop lym- 
phomas, while p53-B developed massive 
lymphomas that showed high levels of 
apoptosis. Tumors in p53-C-treated mice 
were similar to those in mice bearing Trp53 
null lymphomas. 

Presumably, the differences in outcome 
between the treatments with the three 
viruses result from varying suppression of 
p53. The authors suggest that being able to 
decrease gene expression by variable 
amounts using shRNAs with varying activ- 
ities could be useful, offering an advantage 
over knockout mice. It is clear from their 
data that even a powerful knockdown of 
p53 expression by p53-C does not have the 
same effect as a gene knockout. 

Although the lymphomas of p53-C reci- 
pient mice were histologically similar to 
Trp53-'~ lymphomas, analysis of DNA 
content showed important differences. 
Trp53' / ~ lymphomas are highly aneuploid, 
while neither p53-B nor p53-C tumors had 
aberrant DNA contents. Thus, even small 
amounts of p53 can maintain chromosome 
stability, although it cannot cause apoptosis. 
This is interesting biologically, but it should 
also serve as a cautionary note to research- 
ers who might think of RNAi as a simplified 
replacement for gene knockout approaches. 

One of the most appealing aspects of RNAi 
is that, at least conceptually, it plugs so easily 
into established gene therapy methods. The 
gene therapy field has focused most on 
introducing therapeutic genes. It may now 
be feasible to routinely shut genes off as well. 

Retroviruses and lentiviruses are rela- 
tively easy to make; so the approaches used 
in these two manuscripts could be easily 
accessible to many researchers. Expression 
of shRNAs from viruses should also facil- 
itate the use of RNAi in cell lines that are 
hard to transfect. It may also enable wider 
application of RNAi in vivo. Generation of 
knockdown transgenic mice by transduction 
with shRNA viruses could be an especially 
powerful approach (with the caveat that it is 
not exactly equivalent to a gene knockout). 
And as Hemann et al demonstrate, it is 
possible to construct an 'epiallelic series of 
hypom orphic mutations' using a series of 
shRNAs with various potencies. This may be 
useful in systems where gene dosage is 
critical. Viral delivery of shRNAs will clearly 
be a useful research tool, and it is also 
obvious from these reports that RNAi gene 
therapy has finally arrived. ■ 
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